Background: Varus displaced fractures of the proximal part of the humerus, particularly in osteoporotic bone, commonly require open reduction and internal fixation. However, surgical treatment methods remain controversial and have shown inconsistent results. A fibular allograft for indirect medial reduction and strut support has been used in an effort to prevent secondary postoperative varus displacement. However, the long-term outcomes of this method require confirmation. We hypothesized that placing a fibular strut parallel to the calcar screw could increase the biomechanical stability of the medial hinge, thus preventing secondary varus deformity. In the present study, we compared the clinical outcomes of locking plate use with and without medial strut support with use of a fibular allograft for the treatment of varus humeral fractures in patients ‡65 years old.
rate remains high 7 . One of the major complications of surgical treatment for proximal humeral fractures in the elderly is fixation failure-related secondary varus displacement due to screw cut-out or cut-through 8 . Walch et al. first described the use of intramedullary grafts to treat nonunion of the humeral surgical neck 9 . The use of a fibular allograft for indirect medial reduction and strut support was then proposed by Gardner et al. in an attempt to solve the problem of secondary postoperative varus displacement of proximal humeral fractures 10 . Although widely accepted and applied, the long-term outcomes of this method require confirmation in clinical trials.
In addition to the method of using the fibular allograft for indirect medial reduction and strut support as described by Gardner et al., we also applied another method using fibular allograft in which the fibular strut is placed parallel to the calcar screw, mainly to support the medial hinge and also to serve as a humeral head buttress.
In the present study, we compared the clinical outcomes of 3 techniques for the treatment of varus humeral fractures in patients ‡65 years old using a locking plate (including 2 techniques also involving fibular allografting and 1 technique involving a locking plate alone).
Materials and Methods Ethical Considerations
T he study was approved by the Ethics Committee of Shanghai Jiao Tong University Affiliated Sixth People's Hospital.
Informed consent was obtained from all donors. All study methods were in accordance with the Declaration of Helsinki.
Patient Selection Criteria
Acute AO/OTA type-11C proximal humeral fractures (4-part fractures according to the Neer classification system 7 ) with humeral head varus displacement that had occurred £3 days before treatment with open reduction and locking plate fixation alone or with medial strut support in the form of a fibular allograft were included in our analysis. All fractures occurred between January 2012 and January 2015. The inclusion criteria were the completion of at least 1 year of follow-up and a patient age of ‡65 years at the time of the fracture. The exclusion criteria included any injuries to upper-limb tendons, ligaments, vessels, or nerves; open fractures; and additional fractures involving the ipsilateral elbow, wrist, or hand. The patients were divided into 3 groups on the basis of the treatment method: Group A (intramedullary grafting), Group B (medial hinge support), and Group C (locking plate alone).
Surgical Procedures
All procedures were performed at a single trauma center (Department of Orthopaedic Surgery, Shanghai Jiao Tong University Affiliated Sixth People's Hospital). Patients were placed in the beach-chair position with the injured shoulder resting on a radiolucent part of the operating table. After exposure through a deltopectoral approach, there were 2 patterns Radiograph showing the intramedullary graft pattern of fibular allografting. Radiograph showing the medial hinge support pattern of fibular allografting. of fibular insertion: (1) intramedullary grafting and (2) medial hinge support.
Intramedullary grafting: A fibular segment with a length of approximately 6 to 8 cm was cut with a sagittal oscillating saw on the back table. The fibular segment was manipulated with a 1.5-mm Kirschner wire and then was inserted into the medullary canal through the fracture line between the greater and lesser tuberosities. The fibular segment was then placed along the longitudinal axis of the humeral shaft. Appropriate allograft length was confirmed fluoroscopically to ensure that the graft was positioned 2 to 3 cm proximal to the level of the surgical neck of the humerus (Fig. 1 ).
Medial hinge support: A fibular segment with a length of approximately 4 cm was cut with a sagittal oscillating saw on the back table. The fragment of the greater tuberosity was elevated, and the fibular segment was placed through the cavity, with the distal end of the fibular graft contacting and supporting the lower part of humeral head. The excess part of the fibular segment was cut accordingly. After secondary trimming of the fibular graft, the graft was placed parallel to the calcar screws of the locking plate (AO PHILOS, titanium 6-aluminum 7-niobium, ISO 5832-11), and approximately 1.5 cm above the medial cortex of the hinge to allow for the insertion of the calcar screws. The appropriate length of the fibular segment was determined so that the proximal end of fibular segment was in direct contact with the fracture surface of the humeral head (Fig. 2) .
The decision to insert the fibular segment was based on surgeon preference. The procedures were conducted by 6 trauma surgery specialists. After surgical stabilization, all shoulders underwent passive range-of-motion and pendulum exercises within 6 weeks. Active range-of-motion exercise was *The values are given as the mean and the standard deviation at the time of the latest follow-up for patients without major complications. allowed in 6 weeks. Partial functional use, active, non-assisted motion and isometric strength were added into daily exercise according to clinical and radiological evidence of healing 6 to 12 weeks postoperatively. Manual passive motion therapy performed by a physiotherapist and isotonic strength, concentric, and eccentric exercises were added at 10 weeks postoperatively 11 . Patients underwent regular follow-up after discharge. Arthroplasty was performed for patients who had the complications of avascular osteonecrosis of the humeral head and fixation failure.
Data Collection
Demographic data including age and sex were recorded for the 3 groups. Major complications (screw cut-out and cut-through and osteonecrosis of the humeral head) were recorded during follow-up. Assessments were conducted at 1 year postoperatively by a trained physical therapist who was blinded to the details of the patients' treatment. The clinical parameters included the final central column diaphyseal (CCD) varus angle and the American Shoulder and Elbow Surgeons (ASES) standardized score 12, 13 . The ASES score has a patient selfevaluation section and a physician assessment section. The patient self-evaluation section contains visual analog scales for pain and instability and a questionnaire on activities of daily living. The questionnaire is marked on a 4-point ordinal scale that can be converted to a cumulative activities of daily living index. The physician assessment section includes an area to collect demographic information and assess range of motion, specific physical signs, strength, and stability. A shoulder score can be derived from the visual analog scale score for pain (50%) and the cumulative activities of daily living score (50%). The CCD angles were measured by 2 technicians from the department of radiology with use of a picture archiving and communication system (PACS) (Kingstar Winning TWebView 2012, v6.0.0; Kingstar Winning Software). The CCD angles were calculated on the 20°external rotation anteroposterior radiograph by comparing the intersection angle of the axis of the proximal part of the humerus and the line perpendicular to the anatomical neck as described by Hertel et al. 14 (Fig. 3) . CCD angles were recorded immediately after surgery and 1 year after treatment, and the differences were calculated to represent the extent of final CCD varus angulation.
Statistical Analysis
Statistical analysis was performed with use of Excel 2017 Professional Plus software (Microsoft). A p value of <0.05 was considered to be significant. Data are presented as the mean and the standard deviation. The Student t test and the F test were used to compare numeric and nonnumeric variables, respectively.
Results
A total of 128 patients (85 female, 43 male) had complete follow-up (average, 19 months; range, 12 to 34 months) and functional assessment in our study. The average age was 70.5 years (range, 65 to 85 years). The right shoulder was involved in 76 patients (73 of whom were right-hand dominant). There were no significant differences among the 3 groups in terms of demographic characteristics.
Clinical Results
The clinical outcomes 1 year after treatment are shown in Table  I . The ASES scores were evaluated for patients without major complications and showed that patients in both Group A and Group B had superior functional outcomes than patients in Group C (mean and standard deviation, 87.2 ± 3.6 in Group A, 88.6 ± 3.8 in Group B, and 82.2 ± 4.5 in Group C). The ASES scores showed significant differences between Groups A and C (p = 0.01) as well as between Groups B and C (p = 0.01) but not between Groups A and B (p = 0.11).
Radiographic Results
The average final CCD angle was 14.7°± 3.1°in Group A, 13.1°±
3.8°in Group B, and 18.6°± 5.7°in Group C. The CCD angle was significantly different between Groups A and C (p = 0.01) as well as between Groups B and C (p = 0.01) but not between Groups A and B (p = 0.11).
Complications
The rates of major complications in Groups A, B, and C were 7.7%, 2.3%, and 10.9%, respectively. The complications included 2 cases of osteonecrosis of the humeral head (1 in Groups A and 1 in Group C) and 7 cases of screw cut-out or cut-through (2 in Group A, 1 in Group B, and 4 in Group C). All patients who had Locking Plate Use with or without Strut Support for Varus Displaced Proximal Humeral Fractures major complications were managed with arthroplasty. There were no cases of infection, allograft rejection, nonunion, or nerve injury during the study period.
Representative Cases
The informed consent of publishing the following radiology data and medical history was acquired from each patient.
Case 1 (Group C). A 71-year-old woman sustained a varus displaced 4-part proximal humeral fracture in a lowenergy fall and was managed with open reduction and internal fixation without fibular allograft (Figs. 4-A and 4-B) .
Case 2 (Group A). A 66-year-old man sustained a varus displaced 4-part proximal humeral fracture as the result of lowenergy fall. The medial cortex could not be reduced intraoperatively with use of an indirect reduction push tool to reduce the medial column, and the fibular allograft was locked into place (Figs. 5-A and 5-B).
Case 3 (Group B). A 69-year-old woman sustained a varus displaced 4-part proximal humeral fracture as the result of low-energy fall. The fibular allograft was placed in the medial hinge support pattern to support the humeral head from secondary varus angulation (Figs. 6-A and 6-B ).
Discussion

M ost proximal humeral fractures affect elderly patients and
can be treated nonoperatively with good functional outcomes 15 . Unstable fractures can be treated surgically 16 . It has been reported that unstable proximal humeral fractures account for approximately 12.6% of all proximal humeral fractures 17 . Locking plates, intramedullary nails, hemiarthroplasty, and reverse total shoulder replacement are common surgical options for the treatment of proximal humeral fractures 15, 18, 19 .
In 2013, Gomberawalla et al. performed a meta-analysis comparing joint preservation and arthroplasty for the treatment of displaced 3 and 4-part fractures of the proximal part of the humerus 20 . The results showed that patients in the jointpreservation groups had a significantly higher Constant score because, compared with hemiarthroplasty, joint-preservation allows tuberosity healing in an anatomical position, resulting in the restoration of rotator cuff function. Varus displaced proximal humeral fractures are the most common type of unstable proximal humeral fracture as the integrity of the medial hinge is likely to be destroyed by medial comminution 21 , which is reported to be strongly associated with loss of reduction after fixation of proximal humeral fractures 21 . In order to enhance the biomechanical stability of the medial hinge, Gardner et al. proposed the technique of applying an intramedullary fibular strut graft in combination with a locking plate 10 . In the present study, we showed that the use of a locking plate with fibular strut-grafting in a head-buttress pattern (Group B) was associated with relatively fewer complications when compared with the use of a locking plate with fibular strut-grafting in a medial support pattern (Group A) or a locking plate alone (Group C). Although the medial cortical buttress is widely accepted to be a standard technique for open reduction and internal fixation 22,23 , we are not aware of any biomechanical studies or high-level clinical trials indicating that intramedullary fibular strut-grafting increases the medial buttress strength. The present study might partially support this theory as the patients who were managed with a locking plate combined with intramedullary fibular strutgrafting (Group A) had a lower rate of fixation failure and a decreased final CCD varus angle in comparison with patients who were managed with a locking plate alone (Group C). Furthermore, the present study demonstrated that the use of a locking plate combined with medial hinge support using fibular strut-grafting (Group B) had increased medial hinge biomechanical stability when compared with other methods.
In general, the functional outcomes for all patients were satisfactory, and the average ASES score in the medial hinge support group (Group B) was better than that in the locking plate alone group (Group C), indicating the functional results after proximal humeral fracture may correlate with the final CCD angle.
According to Gardner et al., the allograft will eventually remodel and incorporate into the patient's skeletal system, obviating the need for transplant removal 10 . The major concerns regarding the use of allograft are the limited supply, the high cost, and the risk of infection and rejection. However, we found no transplant-related complications and, given the high reoperation rates resulting from the lack of a medial buttress, the cost of allografting may be offset if the technique can reduce the rates of fixation failure and revision procedures.
The major limitation of the present study was its observational nature. The selection of treatment method was based on surgeon preference instead of being randomized. All procedures were performed by trauma specialists, and the reduction and fixation qualities were confirmed with radiographs immediately postoperatively. In addition, the baseline data of the groups were well-matched; however, further randomized controlled studies with longer follow-up are still necessary.
Conclusions
In the present retrospective study, the use of a locking plate in combination with medial strut support with use of a fibular allograft was a more stable and reliable method for the surgical correction of varus displaced proximal humeral fractures in elderly patients in comparison with the use of a locking plate alone. n ORCID iD for H. Wang: 0000-0002-9137-5419 ORCID iD for B. Rui: 0000-0001-9796-1948 ORCID iD for S. Lu: 0000-0001-5313-2902
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